Abstract -A view of the science of reverse osmosis on the basis of the preferential sorption-capillary flow mechanism is presented. Preferential sorption at the membrane-solution interface is a function of solute-solventmembrane material interactions arising from polar-, steric-, nonpolar-, and/or ionic-character of each one of the above components. Quantitative parameters for characterizing solutes and membrane materials at aqueous solution-membrane interfaces have been generated. Basic transport equations suitable for membrane specification and system analysis, and applicable for all membrane materials and membranes at all Ievels of solute separations have been developed for reverse osmosis systems involving aqueous solutions and preferential sorption of water at the membrane-solution interface. The polar, steric, and nonpolar parameters characterizing solutes have been built into the above transport equations through appropriate additional equations and correlations. As a result, it is now possible to predict the performance of a membrane for a !arge number of single and mixed solute aqueous feed solutions from only a single set of experimental reverse osmosis data for a reference NaCI-HzO feed solution. This is illustrated.
INTRODUCTION
Reverse osmosis is a general process for the separation of substances in fluid (liquid or gaseous) solution by permeation under pressure through an appropriate membrane (Ref. 1, 2) . The physicochemical basis for reverse osmosis Separations, the materials science of reverse osmosis membranes, and the engineering science of reverse osmosis transport tagether constitute the science of reverse osmosis; all applications of reverse osmosis arise from this science. To present this point of view is the purpose of this paper.
MECHANISMS
Several mechanisms for reverse osmosis have been suggested , and obviously each one . Schematic representation of preferential sorption-capillary flow mechanism for reverse osmosis Separation of sodium chloride in aqueous solution using an appropriate porous membrane. has its own justification. The origin of the current worldwide interest and activity in the field of reverse osmosis is the original development of the now well-known asymmetric porous cellulose acetate membranes which have proved useful for many water treatment and other applications. This development itself was the result of a particular approach to the subject, described as the "preferential sorption-capillary flow mechanism" (Ref. 1, 2, 20, 21) for reverse osmosis. This mechanism is consistent with al 1 known experimental facts on reverse osmosis separations; it immediately directs attention to the existence of the science of reverse osmosis; and it offers a rational basis for the useful development of the science of reverse osmosis in all its aspects. For these reasons, the preferential sorption-capillary flow mechanism for reverse osmosis is the basis of this paper.
The prefer~ntial sorption-capillary flow mechanism According to this mechanism, reverse osmosis separation is the combined result of preferential sorption of one of the constituents of the fluid mixture at the membrane-solution interface and fluid permeation through the microporous membrane. An appropriate chemical nature of the membrane surface in contact with the solution and the existence of pores of appropriate size and number on the area of the membrane at the Interface together constitute the indispensable twin-requirement for the practical success of this Separation process. ln the context of this mechanism, the term "preferential sorption" refers to the existence of a steep concentration gradient at the membrane-solution interface, and the terms "pore" and "capillary" refer to any void space (whatever be its origin or size) connecting the high pressure and low pressure sides of the membrane, through which fluid permeation and material transport can occur during reverse osmosis. Figure 1 is a schematic representation of the above mechanism for the Separation of sodium chloride in aqueous solution in a reverse osmosis system where water is preferential ly sorbed (i .e, solute is negatively adsorbed) at the membrane solution interface.
Consequences of the above mechanism
For reverse osmosis Separation to take place, one of the constituents of the feed solution must be preferentially sorbed at the membrane-solution interface. Thus the physicochemical criteria governing preferential sorption at fluid-solid interfaces constitute a fundamental aspect of this mechanism. The surface layer of a successful reverse osmosis membrane is microporous and heterogeneaus at all Ievels of solute Separation. To reduce resistance to fluid flow during reverse osmosis, the surface layer of the membrane must be as thin as possible, and the overall porous structure of the membrane must be asymmetric. Reverse osmosis is not 1 imited to any particular level of solute separation; the process encompasses all possible Ievels of solute Separation. With an appropriate material for the membrane surface, practically any degree of solute separation is possible by simply changing the average pore size on the membrane surface, and the Operating conditions of the reverse osmosis experiment. There is a critical pore diameter for maximum solute separation and fluid permeabil ity for each system. The magnitude of this critical pore diameter is a function of the strength and magnitude of preferential sorption at the membrane-solution interface. Thus reverse osmosis is not size-separation by sieve-filtration. With respect to a given membrane material-solution system, solute and solvent flux through the membrane depend on the size, number, and distribution of pores on the membrane surface, and the thickness of the surface layer of the membrane; thus solute Separation and membrane flux are two independent variables in the process of developing reverse osmosis membranes. The feed solution for reverse osmosis can be aqueous or nonaqueous, and in the liquid or the gaseous phase; hence the reverse osmosis technique is applicable for the separation of substances in aqueous solutions, nonaqueous solutions or gaseous mixtures. The solute in the feed solution for reverse osmosis can be organic or inorganic, and ionic or nonionic. Either solvent or solute (or neither) can be preferentially sorbed at the membrane-solution interface depending on the chemical nature of the solution and that of the material of the membrane surface. A given membrane can give different Ievels of separation for different solutes due to differences in preferential sorption at the membrane-solution interface, and mobility of the preferentially sorbed species through the membrane pores; this possibil ity can lead to fractionation of solutes by reverse osmosis from feed solutions involving mixed solutes, and also the existence of specific equisorptic compositions for binary mixtures and the shift in such compositions under different reverse osmosis experimental conditions. The foregoing consequences of the preferential sorption-capillary flow mechanism have far reaching scientific and technological significance. ln the 1 ight of the above mechanism, reverse osmosis reveals itself as a new science, the development of which can lead to practical applications of enormous benefit to all mankind.
Solute-solvent-membrane material interactions
Preferential sorption at the membrane-solution interface is a function of solute-solventmembrane material interactions. These interactions arise in general from polar (hydrogen bonding), steric, nonpolar, and/or ionic character of each one of the above components. The overall result of these interactions determines whether solvent or solute, or neither, is preferentially sorbed at the membrane-solution interface.
The following discussion is limited by space requirements. Unless otherwise stated, all data in this paper refer to aqueous solutions, single-solute systems, and polymeric membranes made of cellulose acetate (acetyl content, 39.8%) material, and reverse osmosis operation at 25°C, where fraction solute separation : is defined as: f solute molality in feed (ml) -solute molality in in product (m )
(1) and the terms "product" and "product rate" refer to the membrane permeated solution corresponding to a given membrane area and practically zero product water recovery.
Considering reverse osmosis systems with cellulose acetate membranes and aqueous feed solutions i~volving organic or inorganic solutes, the solvent (water) is polar, the solute may have polar, steric, nonpolar, and/or ionic character, and the polymer (membrane material) has both polar and nonpolar character. Now three cases arise: (a) when the polymer attracts water more than the solute (or repels solute more than water), water is preferentially sorbed at the membrane-solution interface resulting in positive solute separation in reverse osmosis; (b) when the polymer attracts water to the same extent as the solute, neither water nor solute is preferentially sorbed at the membrane-solution interface, in which case no solute separation is possible in reverse osmosis whatever be the porous structure of the membrane; and (c) when the polymer attracts the solute more than water, the solute is preferentially sorbed at the membrane-solution interface, in which case solute Separation in reverse osmosis can be positive, negative, or zero depending on the relative mobil ity of the solute molecule, compared to water, under the experimental conditions. Using appropriate parameters to represent the polar, steric, nonpolar, and/or ionic character of the solute molecule, all the above three cases have been illustrated in the Iiterature .
Polar parameters for characterizing solutes
The polar character of a solute molecule can be expressed in quantitative terms by either one of thefollowingparameters: (i) the hydrogen bonding ability of the solute as represented by its 6vs (acidity) (relative shift in the OH band maximum in the IR spectra of the solute in CC14 and ether solutions) or ~Vs (basicity) (relative shift in the OD band maximum in the IR spectra of CH30D in benzene and the proton accepting solvent used as solute in reverse osmosis), or (ii) the pKa (=-log Ka (dissociation constant)) of solute, or (iii) the Taft Unique correlations exist between data an reverse osmosis separations and those of each one of the above parameters. While the free energy parameter (-~~G/RT) is a property of the solute at the membrane-solution interface, the other three polar parameters represent the property of the solute in the bulk soiution phase. Since reverse osmosis separation is governed by the property of the solute at the interface, the existence of unique correlations between data on reverse osmosis Separationsand those on ~Vs (acidity) or ~vs (basicity), pKa and l:o•'• or l:o shows that the property of the solute in the bulk solution phase and the corresponding property of the solute in the membrane-solution interface are uniquely related.
Criteria for preferential sorption. Experimental reverse osmosis data show that cellulose acetate molecule behaves as a net proton acceptor (base). Therefore a solute which is a proton donor (such as alcohols, phenols and acids) is attracted towards the membrane surface, and a solute which is a proton acceptor (such as aldehydes, ketones, ethers, esters and tertiary amines) is repelled away from the membrane surface. Consequently, lower acidity for solute (i .e., lower 6vs (acidity), or higher ~Vs (basicity), higher pKa or lower l:o* or l:o) increases preferential sorption of water at the membrane-solution interface. The acidity of water is quantitatively expressed by the values of ~Vs (acidity) = 250 cm-1 and l:a* = 0.49. When the acidity of the solute is less than that of water, the latter is preferentially sorbed at the membrane-solution interface; and, when the acidity of the solute is more than that of water, solute is preferentially sorbed at the interface. Further, since ions are repelled in the vicinity of membrane materials of low dielectric constant (Ref. 4, 7) , water is preferentially sorbed at the membrane-solution interface for feed solutions involving ionized solutes. Experiments with partially dissociated mono-carboxylic acid-solutes show (Ref. 23, 27 ) that preferential sorption of water, and hence solute Separation in reverse osmosis increase with increase in the degree of dissociation; further, for the cellulose acetate membranes, the change in preferential sorption at interface from water to nonionized acid occurs at a pKa value of 4.2, above which water is preferentially sorbed, and at which neither is preferentially sorbed. The pKa value of 4.2 corresponds to benzoic acid. On either side of pKa = 4.2, there is a region of pKa values (3.9 to 4.7) in which very 1 ittle preferential sorption occurs. Numerical values of the polar parameter ~Vs (acidity), ~Vs (basicity), pKa and l:o or l:o* are available in the 1 iterature for many organic solutes (Ref. 22) .
The polar interfacial free energy parameter (-~~G/RT) . This is an operational parameter for predicting reverse osmosis Separations from minimum of experimental data (see later discussion). 
where k and k0 are the rate constants in the acidic hydrolysis of RCOOR ' and CH3COOR' respectively. This definiten for Es, which is related to his definition of cr*, is based on the assumption that the susceptibil ity of acidic hydrolysis to polar effects is virtually zero. Though this assumption is not strictly true, and it is impossible to separate the polar and steric effects completely, Taft Nonpolar parameter Es* for solute A direct measure of hydrophobicity, or nonpolar character of a hydrocarbon molecule is given either by its molar solubility in water or by its molar attraction constant as given by Small (Ref. 42) . A decrease in solubility or increase in Small's number signifies an increase in hydrophobicity or nonpolar character for the hydrocarbon. The Small 's number versus logarithm of solubility isastraight 1 ine which is different for different reactive series of compounds of similar chemical nature including paraffins, cycloparaffins, olefins, cycloolefins, diolefins, acetylenes and aromatics. By adjusting the data on Small 's number for various structural groups suchthat the correlation of Small 's number for the paraffin hydrocarbon (taken as reference) versus logarithm of its molar solubil ity in water is valid for hydrocarbons in all the above reactive series, a new nonpolar parameter called "modified Small 's number" (s*) has been obtained for different structural groups (Ref. 28) as given in Table 3 . The nonpolar parameter Es* for a hydrocarbon molecule or the hydrocarbon backhone of a polar organic molecule is obtained from its chemical structure using the additive property of s* for different structural groups. The scale of Es* is consistent within each of the groups of aromatic, cyclic and noncyclic hydrocarbon structure. Just as Eo* and EE 5 , Es* represents the property of the solute in the bulk solution phase. The numerical values of Es;, give a quantitative measure of the relative mutual attraction of organic molecules to one another as a result of dispersion forces. Thus with respect to aqueous solutions and cellulose acetate membranes, a higher value of Es* signifies greater polymer-solute attraction resulting either in a decrease in preferential sorption of water or increase in preferential sorption of solute at the membrane-solution interface.
MEMBRAN ES
The materials science of reverse osmosis membranes is concerned with the physicochemical basis for the ch~ice of (i) the membranematerial and (i i) the film casting conditions for the chosen membrane material, for use in a given reverse osmosis operation. Even though a large number of materials and membranes has been investigated, and their usefulness for reverse osmosis appl ications has been successfully demonstrated, very few fundamental studies on the materials science of reverse osmosis membranes have been reported in the literature.
Physicochemical basis for the choice of membranematerial Dielectric constants. Ions in aqueous solution are repelled in the vicinity of membrane materials of low dielectric constant by the so called electrical image forces arising at the membrane-solution interface. As a result of these repulsions, solute Separations in reverse osmosis tend to increase with decrease in dielectric constant of the membrane material (Ref. 4, 7, 43) . Consequently, data on dielectric constants offer a general basis for the choice of membranematerial for reverse osmosis Separation of ionized solutes in aqueous solutions.
Polar (u0 )-, and nonpolar (a~)-parameters. Solute-solvent-column material interactions in liquid-solid chromatography \LSC) may be considered tobe analogaus to the interactions prevailing at the membrane-solution interface in reverse osmosis. Therefore, LSC data on retention time (t) ratlos (rl and r2) for a set of suitably chosen reference solutes s 1 and s2 in aqueous solutions in chromatographic columns containing different materials, offer a useful basis for the choice of such materials for making reverse osmosis membranes.
Using different polymeric materials in the chromatographic columns, and benzyl alcohol (benz alc), phenol, and phenethyl alcohol (phen alc) as the reference solutes and potassium biphthalate as the unretained component (uc), and assuming that the free energy change in the adsorption equil ibrium in LSC is a 1 inear function of the polar-, and nonpolar-character of each of the solute and polymer material involved, the following relatlonships have been derived for the ap-and an-parameters representing the polar (hydrogen bonding) and nonpolar ( 
(8)
The quantities ln r1 and ln r2 represent the differences in free energy changes in the adsorption equilibriums for the solutes S] and s2 involved. The constants in Eqs. 6 and 7 arise from the choice of the reference solutes and the arbitrary units chosen to represent the polar and nonpolar characters for the solute molecules involved. ln Eqs. 8 and 9, the values of t are at constant solvent flow rate. The values of ap and an for a number of polymer materials are given in Table 4 .
The values of ap and an are higher for the aromatic polyamide materials than for the celluloseacetatematerial. Reverse osmosis data show that solute Separation~ for polar organics are higher with the aromatic polyamide membranes than with cellulose acetate membranes with comparable average size of pores on the membrane surface (Ref. 45). These results indicate that, with the same average pore size on the membrane surface, reverse osmosis separations for polar organic solutes can be expected to be relatively higher with membranes made from materials whose ap and an values are higher.
Further, the nonpolar (hydrophobic) force of the polymer material, besides being an attractive force for the organic solute, has an additional effect on reverse osmosis transpart. An increase in the value of an tends to increase the mobility of the preferentially sorbed water through the membrane pores when water is preferentially sorbed, and to decrease the mobility of the solute when the latter is preferentially sorbed. Both these effects contribute to higher solute Separation in reverse osmosis. Higher separations for organics obtainable with aromatic polyamide membranes than with comparable cellulose acetate membranes is understandable simply on the basis of their relative an values. On the basis of this guidel ine, one may expect relatively higher separations for organics with more nonpolar cellulosic membranes also. This is confirmed experimentally by the results obtained with cellulose acetate propionate membranes (Ref. 46).
S-parameters. Using t-butyl alcohol, s-butyl alcohol, sodium thiocyanate and raffinose as the arbitrarily chosen reference solutes in LSC, several polymer materials have been characterized (Table 4) Tables 5 and 6 . These data, along with the other correlations presented later in this paper (Fig. 3) , make the ß-parameters a useful physicochemical basis for the choice of reverse osmosis membrane material.
Physicochemical basis for the choice of film casting conditions A fundamental understanding of the mechanism of pore formation and development in the process of making asymmetric porous membranes should be the physicochemical basis for the choice of film casting conditions for use in a given reverse osmosis oper9tion. Even though there are several reports an the subject (Ref. 48-57) a comprehensive understanding of the above mechanism applicable to different kinds of membrane-materials, membrane-configurations and membranes of different pore structures, has not yet emerged. However with respect to the development of asymmetric porous cellulose acetate flat and tubular membranes, the following statements can be made .
Basic steps in film castin operation. The film casting solution is usually a mixture of the polymer P e.g., cellulose acetate), a solvent S (e.g., acetone), and an essentially nonsolvent swell ing agent N (e.g., aqueous solution of magnesium perchlorate, or formamide). The film making procedure involves generally the following steps: (i) casting the polymer solution as a thin film on a surface, (ii) evaporation (or removal) of solvent from the surface, (iii) immersion of the film in an appropriate gelation medium such as cold water or an aqueous ethanol solution, and finally (iv) thermal shrinking, pressurization and/or other membrane pretreatment techniques. Each one of the above steps is important because each affects the ultimate porous structure of the entire membrane and hence its subsequent performance in reverse osmosis.
Mechanism of pore formation and development. Following Kesting (Ref. 51, 52) , the development of asymmetric porous structure in the membrane may be described briefly as follows. lmmediately after casting, solvent evaporation starts at the air-solution interface. As a result of solvent loss, a cloud point in the surface region is reached when droplets of the swell ing agentseparate from the solution as a second interdispersed phase with the polymer molecules concentrated at the exterior surface of the droptlets. On continued desolvation, the droplets in the surface region contact one another forming polyhedra whose number, size and wall thickness depend on polymer structure in the casting solution and an desolvation conditions. The subsequent Immersion of the polymer film in the gelation medium accelerates and completes the desolvation process both in the surface layer and in the bulk region underneath. During the desolvation process, the walls of the polyhedra rupture, and closed cells give way to more numerous open cells which, tagether with voids between cells, give rise to a microporous surface structure. ln the interior bulk region of the film, the polymer molecules aggregate and precipitate rapidly giving rise to a spongy porous mass underneath the surface, and hence a completely open celled asymmetric porous structure for the entire membrane.
Solution structure-evaporation rate approach to membrane development. The above picture of phase Separation and pore formation during film casting, though still incomplete, has led to adefinite physicochemical approach for the choice of film casting conditions. ln this approach, the state or the structure of the casting solution and the rate of solvent evaporation during film formation together constitute an important interconnected variable governing the ultimate porous structure and hence the performance of the resulting membrane in reverse osmosis. The structure of the casting solution is a function of its composition and temperature. Solventevaporation rate during film formation is a function of solution structure, temperature of casting atmosphere and the ambient nature of casting atmosphere. With reference to a given casting solution, its temperature and that of the casting atmosphere (together with the ambient nature of the casting atmosphere) are two separate variables in the specification of the film casting conditions; by appropriate choice of these two variables alone, the productivity (i .e., product rate at a given Ievel of solute separation) of resulting membranes can be changed and improved. The "structure" of the casting solution essentially refers to the size of supermolecular polymer aggregates in it. No quantitative parameter to specify the casting solution structure is currently available. Solvent evaporation rate however can be measured experimentally.
Samemajor conclusions. Smaller size of polymer aggregates in the casting solution tends to create a !arger number of smaller size nonsolvent droplets in the interdispersed phase, resulting ultimately in larger number of smaller size pores on the membrane surface. Since higher droplet density favors droplet-coalescence, there is an optimum size of polymer aggregate in the casting solution for maximum productivity of resulting membranes. The size of the supermolecular polymer aggregate in the casting solution is decreased by (a) increasing solvent/polymer (S/P) ratio, (b) decreasing nonsolvent/solvent (N/S) ratio, and (c) increasing the temperature of the casting solution. The solvent evaporation rate during film formation increases with increase in the temperature of the casting solution and that of the casting atmosphere. High solvent evaporation rate favors both droplet-formation and dropletcoalescence. Since these two events have opposing effects on the size and number of resulting pores on the membrane surface, the solvent evaporation rate should be high enough to generate the largest number of interdispersed droplets, and low enough to prevent excessive droplet-coalescence. Therefore, for each casting solution structure, there exists an optimum evaporation rate for maximum membrane productivity. A given casting solution structure-evaporation rate combination (how so ever it is achieved) results in membranes of identical productivity provided their shrinkage temperature profiles (representing pore size distribution on the membrane surface) are the same. Gelation control is an effective means of changing pore size, and pore size distribution on the membrane surface; this technique is particularly useful for making the so-called ultrafilter membranes. On the basis of the foregoing conclusions, significant improvements in the productivity of cellulose acetate reverse osmosis membranes of different surface porosities have been accomplished (Ref. 73, 75) .
TRANSPORT
The engineering science of reverse osmosis transport is concerned with the development of bas ic equations governing such transport, and the integration of t'he phys icochemical parameters governing Separations into the above equations leading to precise analytical techniques of membrane specification, prediction of membrane performance, system analysis and process design. With respect to reverse osmosis systems involving aqueous solutions and preferential sorption of water at the membrane solution interface, such transport equations have been developed as follows.
Basic reverse osmosis transport equations
At any given operating temperature and pressure, the experimental reverse osmosis data on pure water permeation rate (PWP), product rate (PR) and fraction solute separation f at any point in the reverse osmosis system can be analyzed on the basis that (PWP) is directly proportional to the operating pressure, the solvent water transport (Ns) through the membrane is proportional to the effective pressure, the solute transport (NA) through the membrane is due to pore diffusion through the membrane capillaries and hence proportional to the concentration difference across the membrane, and the mass transfer coefficient k on the high pressure side of the membrane is given by the "film" theory on mass transport. This analysis, which is applicable to all membrane materials and membranes at all Ievels of solute separation, gives rise to the following basic reverse osmosis transport equations (Ref. 1, 76) :
N 8 = A[P-n(XA 2 ) + n(XA 3 )J
= G~M~(~~:; 3 ) (c2XA2-c3XA3)
All symbols are defined at the end of the paper. ln this analysis, the low pressure side of the membrane is assumed to be at atmospheric pressure, and the operating pressure P is given in gauge pressure. The subscripts 1, 2, and 3 refer to bulk solution phase and concentrated boundary solution phase on the high pressure side of the membrane, and the product solution phase on the low pressure side of the membrane respectively.
Equation 13 defines the pure water permeability constant A which isafundamental quantity with respect to the membrane. The quantity A is a measure of the overall porosity of the membrane; it represents pure water transport in the absence of any concentration polarization (datum condition) on the high pressure side of the membrane. The magnitude of A is independent of any solute under consideration.
Equation 14 is valid when the viscosity of the membrane permeated product solution is essentially the sameasthat of pure water. This approximation is justified in most cases of practical interest. Equation 14 enables cne to calculate the concentration XAz of the boundary solution on the high pressure side of the membrane under the reverse osmosis Operating conditions. When the concentration XA3-of the membrane permeated product solution on the low pressure side of the membrane is less than the concentration XAl of the bulk feed solutionon the high pressure side of the membrane, XA2 is greater than XAl· Equation 15 defines the parameter DAMIKö expressing solute transport through the membrane. The solute transport parameter DAMIKö is a fundamental quantity for any given membranesolution system. The above quantity is not a mere proportionality constant; it is a combination of at least three distinct quantities -the solute diffusivity through the membrane DAM• the effective film thickness ö, and the equilibrium constant K relating solute concentration in the membrane phase and that in the solution phase in equil ibrium with the membrane phase-all of which have important physical significance, but none of which can be precisely measured. From the point of view of the engineering science of reverse osmosis transport, it is sufficient to know the overall value of the parameter DAMIKö which plays the role of a mass transfer coefficient with respect to solute transport through the membrane. Hence this parameter is treated as a single quantity for purposes of analysis.
Equation 16 enables one to calculate the mass transfer coefficient k on the high pressure side of the membrane. The magnitude of k is a function of the nature of solute, concentration of feed solution, feed flow rate, porosity of the membrane and the geometry of the apparatus used. For any given apparatus and membrane-solution-operating system, the relationship between feed flow rate and k is needed for process design. This information can be obtained experimentally or, in some cases, analytically (Ref. 77) . ln any case, the feed flow condition on the high pressure side of the membrane is best described in terms of the obtainable or required value of k under the other specified Operating conditions.
Under steady state operating conditions, a single set of experimental data on (PWP), (PR) and f enables one to calculate the quantities A, XA2, DAMIKö, and k at any point (position or time) in the reverse osmosis system using Eqs. 13 to 16. lt must be emphasized that neither any one equation in the set of Eqs. 13 to 16, nor any part of this set of equations, is adequate representation of reverse osmosis transport; the latter is governed simultaneously by the entire set of Eqs. 13 to 16.
Gorrelations of experimental reverse osmosis data
The correlations of the quantities A, DAMIKö and k with Operating pressure, temperature, feed concentration, feed flow rate, nature of solute and membrane compaction during continuous operation are of practical interest from the point of view of specifying membranes and predicting membrane performance under different experimental conditions. Such correlations have tobe established experimentally (Ref. [76] [77] [78] [79] [80] [81] [82] [83] [84] for different membrane materials, membranes, and solutes. The basic transport Eqs. 13 to 16, by themselves, are independent of such correlations. ln the following discussion, unless otherwise specified, it is assumed that for a given membrane at any specified operating temperature and pressure, the value of DAMIKö for a given solute is independent of feed concentration, feed flow rate and membrane compaction. This correlation is valid for many organic and inorganic solutes including sodium chloride, with respect to cellulose acetate membranes of stable surface pore structure.
Membrane specifications
At a specified operating temperature and pressure, a membrane is completely specified in terms of its pure water permeability constant A and solute transport parameter DAM/Kö for a convenient reference s~lute. For the purpose of this paper, NaCI is used as the reference solute, so that a membrane is specified in terms of A and (DAM/Kö)NaCJ· A single set of experimental data on (PWP), (PR), and f at known Operating conditions is enough to obtain data on A and (DAM/Kö)NaCi. 
For a membrane specified in terms of A and DAMIKö, Eqs. 17 and 18 enab1e one to predict membrane performance (so1ute separation and membrane f1ux) for any feed concentration XA1, and any chosen feed f1ow condition specified in terms of k as fo11ows. First determine, by tria1 and error, the particu1ar combination of XA2 and XA3 which simu1taneous1y satisfies Eqs. 17 and 18. Using that combination of XA2 and XA3 va1ues, determine NB from Eq. 14. The above va1ues of XA3 and NB give the obtainab1e so1ute separation and membrane flux which may be expressed in terms of fand (PR) respectively as follows:
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I"" 1000 ( .m 1 (1-f}MA Using the above prediction procedure, one can calculate, for example, the effect of feed concentration, feed flow rate as expressed by k and membrane compaction as expressed by A-factor (= value of A at any time/initial value of A), on solute separation and product rate. A set of results of such calculations is illustrated in Tables 7 and 8 . The foregoing prediction procedure and the illustrative results show that while data on A and (19) (20) DAMIKö are enough to specify a membrane, they are not enough to predict membrane performance for any feed concentration and feed flow rate; for such prediction, the applicable value of k is needed in addition to the data on A and DAM/Kö. System specification ln any reverse osmosis process, the membrane-solution-operating system may be specified by three fundamental nondimensional parameters y, e and Adefinedas follows: 
and the quantity w(X~l) refers to the osmotic pressure of the feed solution at membrane entrance in a flow process or start of operation in a batch process. The quantities y, e and A9 (=k/v!) may be described as the osmotic pressure characteristic, membrane characteristic and the mass transfer coefficient characteristic respectively for the reverse osmosis system under consideration. The significance of system specification is that a single set of numerical parameters can represent an infinite number of membrane-solution-operating systems; conversely, any two membrane-solution-operating systems can be simply and precisely differentiated in terms of unique combinations of numerical parameters.
Systemanalysis and prediction of system performance
The transport Eqs. 13 to 16 offer a basis for the analysis of any reverse osmosis system. This is illustrated below with particular reference to reverse osmosis water treatment systems for which the fo11owing assumptions are practically valid: (i) the molar density •I " * 1 " " " " " " " " " " " " " " " ' " " " " " " ) J- The quantities CJ, C2, c 3 , c 3 , t or 'X, and ß represent the main performance data for any reverse osmosis system. Hence the precise relationships among them constitute a fundamental aspect of reverse osmosis transport.
On the basis of the transport Eqs. 13 to 16, and the foregoing assumptions and definitions, it has been shown (Ref. 1, [85] [86] [87] that in any reverse osmosis system (Fig. 2 ) specified in terms of y, e, and ~. the quantities Vw and v~, C2 and C3, CJ and C3, CJ and C3, C3 and t or X, and C3 and ß are uniquely related as follows: 
Equations 29 to 36 show that for a reverse osmosis system specified in terms of y, 6 and }.,
any one of the six quantities c,, C2, C3, C3, Tor X, and ß uniquely fixes all the other five quantities. This is illustrated by the data given in Table 9 f9r the reverse osmosis treatment of a 0.4 molal NaC1-H20 feed solution at 1000 psig and different values of }.6, using a membrane specified in terms of A and (DAMIKö}NaCI· Simi lar data for a I arge number of reverse osmosis systems are available in the form of a book of tables for ready use (Ref. 86) . The appl ication of system analysis in reverse osmosis process ~esign has been illustrated in the Iiterature (Ref. 81, [88] [89] [90] .
Expressions for k, DAMIKö and [ for very dilute feed solutions
For such feed solutions, the molar density of the solution is essentially that of pure water, and the osmotic pressures involved during reverse osmosis are negligible compared to the usual· operating pressures, whicl'l means that ( 
where K' and K" are constants. Equation 44 has the sameform as the familiar Langmuir adsorption equation which of course should be expected on the basis of the preferential sorption-capillary flow mechanism for reverse osmosis.
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Equations 43 and 44 are subject to the restrictions (a) DAH/Kö is a constant, (b) k is a constant, (c) Vs « P, and (d) vs/k is sufficiently small; under these restrictions, f tends to increase with increase in P. lf however, the restriction (d) above is removed, then the solute Separation f may be expected to pass through a maximum at v 5 /k = 1 with increase in operating pressure (Ref. 85 ). This conclusion is significant from the point of view of the engineering science of reverse osmosis transport.
Relationships between (DaM/Kö)NaCl and DAMIKö for other solutes
Correlating experimental reverse osmosis data for suitably chosen nonionized polar organic solutes with Taft's polar (Eo*) and steric (EEs) parameters on the basis of the form of Harnmett and Taft equations (Ref. 36), it was found that DAMIKö for the solute was directly proportional to the exponential sum of the polar and steric effects expressed by the quantities p*Eo* and ö*EEs respectively (Ref. 38). Extending the basis of the above correlations to include the nonpolar effect, and using E(-AAG/RT) to express the polar effect instead of p*Eo*, the most general expression for DAMIKö for a nonionized polar organic solute can be given by the relation:
The coefficients p*, ö*, and w* associated with the parameters Eo*, EEs, and Es* respectively, are characteristic of the membrane-solution Interface, i.e., chemical nature of the membrane material, solvent, and functional group in the solute molecule; in addition, the values of ö* depend on the porous structure of the membrane surface. With respect to completely ionized inorganic and simple organic solutes, it was found (Ref. 30, 32 ) that
This means that the steric and nonpolar effects included in Eq. 45 can be neglected for such solutes; this simplificatlon may not however be valid for completely ionized molecules of complex molecular structure.
On the basis of Eqs. 45 and 46, the following relationships have been established for obtaining the values of DaM/Kö for different solutes from data on DaM/Kö for NaCl only. From Eq. 46,
where ln C~aCl is a constar.t representing the porous structure of the membrane surface. This value of ln C~aCl is used in the following equations.
Completely ionized inorganic solutes.
ln(DAM/Kö)solute = ln C~aCl + Enion (-A:rG) ion
where nc and na represent the number of moles of cations and anions respectively in one mole of ionized solute. The free energy.parameter for various ions for use in Eqs. 47 and .49 are given in Table 1 for cellulose acetate membranes.
Nonionized polar organic solutes.
Referring to the quantities on the right side of Eq. 50, the quantity ln C~aCl arises from Eq. 47. From data on (DAM/Kö)NaCl• the value of ln C~aC} can be calculated for any membrane using the values of -AAG/RT for Na+ and cl-ions appropr1ate for the membrane material used as given in Table 6 .
The quantity ln A* sets a scale for ln(DAH/Kö) for the solute in terms of ln CAaCl when the parameters representing the polar, steric, and nonpolar effects at the membrane-solution Interface are each set equal to zero. Thus ln A* is slmply a scale factor, and it is a function of the chemical nature of the membranematerial and the porous structure of the 608 membrane surface. Representing the former by the ß-parameter discussed earlier, and the latt~r by the quantity ln (C~acl/A), correlations of ß versus ln ß* for various values of ln(CNacJIA) have been establ ished from experimental reverse osmosis data (Ref. 47), arbitrarily setting ln ß* = 0 for all membrane materials when the average pore size on the membrane surface is sufficiently small (ln(C~acl/A) ~ 2). These correlat.ions are given in The reason for using ln(C~acl/A) instead of ln C~aCl in the above correlations is this: t~e numerical value of C~aCl is directly proportional tothat of A, and hence the quantity CNac1/A offers a unified scale for expressing widely varying surface porosities resulting from different methods of film casting.
The quantity -ßßG/RT for different organic solute molecules can be obtained by using Eqs. 2 to 4. The required data on structural group contributions are given in Table 2 for cellulose acetate material, and in Tables 5 and 6 for other membrane materials characterized by their S-parameters; these data are appl icable to both monofunctional and polyfunctional solute molecules.
The quantity 6'' is a function of the chemical nature of the solute molecule, membrane material, and porous structure of the membrane surface; the steric parameter EEs for the substituent group in the solute molecule can be obtained from Taft's table in 456 -480 = -24.
As the degree of branching increases, the value of i'Js* becomes more negative. An increase in the value of w1' denotes greater nonpolar attraction of the solute towards the membrane surface whereas a decrease w* denotes lesser such attraction.
With respect to all solute molecules containing no more than three straight chain carbon atoms not associated with a polar functional group, the quantity w*Es* may be assumed to be zero for cellulose acetate membranes for purposes of computing ln (DAMIKo)solute values from Eq. 50 by the method outlined above. Further, experimental data with CJ -C9 alcohol-solutes and cellulose acetate membranes show that, at the membrane-solution Interface, the change from preferential sorption of water to that of solute occurs at the w'' E s1< value of about 2.5.
Illustrative results. Fora given membrane, a single set of reverse osmosis experiments with a reference feed solution NaCl-H20 at a chosen operating pressure and temperature, yields values of A, (DAMIKo)NaCl and kNaCl· From the above value of (DAMIKo)NaCl, the value of DAMIKo for any other solute can be calculated from Eqs. 49 and 50. Using the basic transport Eqs. 13 to 16, one can then predict the performance of the membrane (solute Separation and product rate) with respect to any other solute for any specified value of k. This is illustrated in Tables 10 and 11 with particular reference to very dilute solutions for which case (PR)~ (PWP), and Eqs. 37 and 39 are applicable. Using these equations 1 for a cellulose acetate {ß = 1.37) membrane specified in terms of A = 1.43 x lo-6 mol H20/cmz s atm, and (DAMIKo)NaCl = 2.10 x Jo-5 cm/s at 250 psig, the obtainable solute Separations for a number of completely ionized inorganic solutes and nonionized polar organic solutes in single solute systems at k values corresponding to kNaCl = 22 x Jo-4 cm/s were calculated, and the results are given in Table 10 . For membranes of the same specification and for the same values of k, the obtainable Ievels of solute Separation for a number of organic solutes with different membrane materials were calculated and the results are given in Table 11 as a function of the ß-parameter. These results illustrate the practical utility of both the transport equations and the related correlations, and the concepts of specification of membranes and membrane materials. Membrane specifications: A = 1.43 x 10-6 mol/cm 2 s atm, and (DAMIKö)NaCl = 2.10 x lQ-!5 cm/s.
Feed flow rate corresponding to kNaCI = 22 x lo-4 cm/s. Operating pressure, 250 psig.
Mixed solute systems Practically all natural and industrial solutions amenable for reverse osmosis treatment are mixed solute systems, and hence they need extensive study and analysis. Even though such study and analysis involve many computational complexities and problems which have not yet been explored in detail, the basic val idity of the transport equations discussed above for the mixed solute systems in general has been established 37, (92) (93) (94) (95) . A few simple cases of the appl ication of the basic transport equations for mixed solute systems may be cited here as follows. where aH represents degree of hydrolysis, and the subscripts hy and OH-or H+ refer to the hydrolyzed species resulting from the hydrolysis reaction and hydroxyl or hydrogen ions respectively. (-MG) RT cation + (l-aD) (na-nipa) (-MG) RT anion
Where ao represents degree of dissociation, the subscript ip refers to the ion-pair formed, and nipc and nipa are number of moles of cations and anions respectively in one mole of ionpair.
When an organic solute is partially dissociated, the flux of total solute through the membrane is simply the sum of the flux of ionized solute and that of nonionized solute through the membrane. The latter two quantities can be separately estimated from (DAMIKo) for the ionized solute and that for the nonionized solute obtained from Eqs. 48 and 50 (Ref. 32) . The same additivity principle applies for a mixture of nonionized solutes (Ref. 37, 94) , or a mixture of ionized solutes with a common ion (Ref. 92, 93) .
When a solution contains a number of completely ionized solutes with no common ion, then the basic transport Eqs. 13 to 16 have to be rewritten for each ion along with relevant equations for total electroneutrality in the system. A full analysis of such a system of equations has recently been carried out in detail for aqueous feed solutions containing two uni-univalent electrolytic solutes with or without a common ion (Ref. 95 ).
APPLICATIONS
The above discussions on transport are particularly relevant for the reverse osmosis treatment of aqueous solutions where water is preferentially sorbed at the membrane-solution interface. This case includes a vast area of water treatment appl ications such as water desalination, water pollution control, water reuse, water purification, and waste recovery; a special case of such treatment of aqueous solutions is the application of reverse osmosis in food processing for which the foregoing discussions on transport offer a fundamental approach (Ref. [96] [97] [98] [99] [100] . The other case of water treatment applications where solute is preferentially sorbed at the membrane-solution interface, is· equally important and is yet to be explored in detail. Further, reverse osmosis is not limited to the treatment of aqueous solutions. The applicabil ity of reverse osmosis for the treatment of nonaqueous solutions {Ref. 87, [101] [102] [103] , and gaseous mixtures (Ref. [104] [105] [106] [107] has been demonstrated. These applications, along with those mentioned above, unfold a new area of chemical process engineering of enormous potential significance. The practical success of every application depends on the nature and magnitude of forces prevail ing at the membrane-solution interface, choice of membrane material, development of membranes of appropriate porous structure, and the laws governing transport through reverse osmosis membranes, all of which from part of the science of reverse osmosis. Consequently, ~ applications of reverse osmosis arise from the science of reverse osmosis (Ref. 108) .
CONCLUSION
Reverse osmosis is a science -a new and useful one. The physicochemical basis for reverse osmosis separations, the matertals sclence of reverse osmosis membranes, and the engineering science of reverse osmosis transport are the major components of this science. All applications of reverse osmosis arise from this science which is still in its very early stages of development. Renewed and dedicated efforts are called for to unfold this science in all its aspects. The obvious potential of reverse osmosis to contribute significantly to the health and prosperity of all humanity makes such efforts profoundly relevant, meaningful and worthwh i I e. NOMENCLATURE pure water permeability constant, mol of H 2 0/cm2 s atm quantity defined by Eq. 25 average value of C quantity defined by Eq. 47 molar density of solution, mol/cm 3 diffusivity ~f solute in water, cm 2 /s diffusivity of reference solute (NaCI) in water, cm 2 /s solute transport parameter (treated as a single quantity), cm/s Taft's steric parameter for the substituent group in the organic molecule transition state free energy change fract ion so I ute separat i-on defi ned by Eq. I free energy of hydration of solute, kcal/mol quantity defined by Eq. 2 polar free energy parameter membrane area per unit volume of fluid space, cm-1 constants in Eq. 44 adsorption equilibrium constant for solute in LSC mass transfer coefficient for the solute on the high pressure side of the membrane, cm/s reaction rate constants in the acidic hydrolysis of RCOOR' and CH3COOR' respectively molecular weights of solute and water respectively solute molal ity solute flux and solvent flux respectively through membrane, mol/cm 2 s number of moles of anions and cations respectively in one mole of ionized solute number of moles of the ion involved number of moles of anions and cations respectlvely in one mole of ion-pair number of moles of hydrolyzed species arising from the hydrolysis of one mole of solute operating pressure, atm product rate through given area of membrane surface, g/h pure water permeation rate through given area of membrane surface, g/h gas constan t retentiontime ratlos defined by Eqs. 
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